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Electron TransferQM/MM calculations have been used to monitor the oxidation of the D2-Tyr160, TyrD, residue involved in
redox reactions in Photosystem II. The results indicate that in the reduced form the residue is involved in
hydrogen bond donation via its phenolic head group to the τ-nitrogen of the neighboring D2-His189 residue.
Oxidation to form the radical is accompanied by spontaneous transfer of the phenolic hydrogen to the τ-
nitrogen of D2-His189 leading to the formation of a tyrosyl-imidazolium ion complex. Deprotonation of the
imidazolium ion leads to the formation of a tyrosyl-imidazole neutral hydrogen-bonded complex.
Comparison of calculated and experimental hyperﬁne coupling tensors and g-tensors suggests that the
neutral imidazole complex is formed at physiological temperatures while the imidazolium complex may be
stabilized at cryogenic temperatures.
© 2009 Elsevier B.V. All rights reserved.1. Introduction
In plant, algae and cyanobacterial photosynthesis, Photosystem II
(PS II) drives the light-induced reduction of plasoquinone to
plastoquinol resulting in the oxidation of water to oxygen[1–3] Two
tyrosine residues of the PS II complex, D2-Tyr160 (TyrD) and D1-
Tyr161 (TyrZ) are redox active[4–6]. TyrZ forms a transient radical and
is believed to be directly involved in the electron-transfer reactions
leading to oxygen evolution. X-ray crystallography has shown [7] that
it is situated directly between the primary donor P680 and the CaMn4
oxo complex which catalyses the oxidation of two water molecules to
a molecule of oxygen and four protons (Fig 1).
Oxidation of TyrD, by contrast, forms a neutral tyrosine radical which
is stable in the dark and whose function is not fully understood [5]. It is
part of the D2 protein and is not in the direct pathway of electron
transfer from the oxidized water molecules. Because of its stability, the
TyrD radical has been well characterized by magnetic resonance and
FTIR methods [8–11]. From the crystal structure, D2-His189 is within
hydrogen bond acceptor distance to the reduced TyrD via its τ-nitrogen
atom [7] On oxidation of TyrD, it has been proposed that the phenolic
proton is transferred to the imidazole group of this histidine. The
transferred proton then hydrogen-bonds back to the tyrosine radicalP, Becke3 Lee Yang Parr; EPR,
clear double resonance; QM/
OM, Own N-Layer Integrated
l embedding; EE, Electrostatic
P.J. O'Malley).
ll rights reserved.oxygen with possible subsequent deprotonation of the imidazole at the
π-nitrogen atom [12,13]. These proposed events have received support
from small model gas-phase electronic structure calculations on
phenoxyl-imidazolemodels [14–16]. So far, however, no computational
approach has taken account of the immediate protein environment
surrounding TyrD as revealed by X-ray crystallography [7].
In this study, therefore, we use quantum mechanics/molecular
mechanics, QM/MM, calculations to model the effect of the
immediate protein environment on electron and proton transfers
occurring on TyrD oxidation. In such a fashion the redox species is
constrained to its position and relative orientation as determined by
the X-ray crystal structure determination and the inﬂuence of
neighboring amino acid residues on geometries, proton transfer and
spin density distribution can be accounted for. The models are
validated by calculation of hyperﬁne couplings and g-tensor values for
comparison with experimental determinations via EPR methods.
The TyrD free radical is somewhat unique in being essentially fully
characterized experimentally by EPR techniques, with a full range of
13C, 1H, 15N and 17O hyperﬁne tensor measurements available in
addition to the g-tensor principal values [8,17–23]. Such extensive
magnetic resonance information concerning an in vivo biologically
signiﬁcant free radical is unprecedented and provides a stringent test
of modeling methods based on QM/MM to calculate experimental
EPR parameters for a biological free radical in situ.
2. Methods
To prepare our models for QM/MM studies the initial heavy atom
coordinates were extracted from the most highly resolved Photo-
system II crystal structure determination, 2AXT [7]. All amino acids
Fig. 1. Electron transfer components of Photosystem II indicating direction of electron ﬂow fromwater to plastoquinones QA and QB. Expansion demonstrates TyrD local environment.
For calculation purposes all atoms in ball and stick representation were assigned to the QM layer with surrounding atoms assigned to the MM layer, see text for calculation details.
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Hydrogen atoms were added using standard geometries as deter-
mined by the program Gaussview [24]. QM/MM calculations were
then carried out on this model with the atoms of the TyrD and D2-
His189 being included in the QM layer and all other atoms were
included in a second layer using the United Atom Forceﬁeld (UFF); see
Fig 1 for a demonstration of the partitioning scheme used. For the
QM/MM studies the ONIOM method was employed [25]. Both
mechanical embedding (ME) and electrostatic embedding (EE) QM/
MM schemes were used as implemented in the electronic structure
program Gaussian 03 [24,25]. Geometry optimization of the QM
atoms was performed at the ONIOM (UB3LYP/6–31G(d,p):UFF) level.
For the free radical forms single point calculations at the ONIOM
(UB3LYP/EPR-II//UB3LYP/6–31G(d,p):UFF) were then carried out to
obtain hyperﬁne couplings and g-tensor values. For the g-tensor
calculation the Gauge Independent Atomic Orbital (GIAO) method as
implemented in Gaussian 03 was used. As a test of our methodology
we also carried out calculations using the PBE0 functional instead ofB3LYP. This function has been shown before to perform similarly to
B3LYP for free radical hyperﬁne couplings and this is conﬁrmed in our
studies on this system. As most of the previous studies for smaller
models have been performed using the B3LYP functional, thereby
permitting direct comparison with our data for the extended system
here, we present the B3LYP values for discussion only.
3. Results and discussion
Initially the reduced system was geometry optimized and the
principal bond distances are given in Fig. 2. In the reduced system the
calculations show that the phenolic hydrogen is retained on the TyrD
i.e. no deprotonation is predicted to occur from the phenolic OH group
to the neighboring D2-His189 in the reduced state. The phenolic
hydrogen is involved in hydrogen bond donation to the τ-nitrogen of
the imidazole group of D2-His189. The relevant optimized bond
distances are given in Fig. 2. Optimization on radical formation results
in a transfer of the phenolic proton to the τ-nitrogen atom of D2-
Fig. 2. Schematic representation of events accompanying TyrD oxidation in Photosystem II. (A) reduced form. (B) tyr-imidazolium ion complex, (C) tyr-imidazole complex. Labeling
of atoms used throughout is illustrated. Bond distances are given in angstroms.
Table 1
13C and 17O Hyperﬁne (isotropic plus anisotropic) coupling tensors calculated at the
ONIOM (UB3LYP/EPR-II//UB3LYP/6–31G(d,p):UFF) level for imidazolium and imid-
azole forms of the TyrD radical compared with experimental determinations [17, 21]














C1 2.0 2.0 (0.3) 2.4
2.0 2.4 (0.8) 2.9
34.5 34.2 (35.4) 34.2
C2 −12.5 −10.9 (−12.8) −14.1
−7.5 −6.1 (−6.2) −6.4
−5.0 −5.5 (−5.6) −5.8
C3 −5.0 −0.9 (−0.9) −0.2
−5.0 −0.5 (−0.4) 0.3
19.0 16.1 (20.4) 19.8
C4 −11.0 −10.2 (−10.5) −12.8
−10.0 −8.6 (−8.8) −11.5
−8.0 −6.6 (−7.0) −9.4
C5 −4.0 −0.7 (−0.7) −0.2
−4.0 −0.2 (−0.3) 0.2
21.0 19.7 (20.6) 21.7
C6 −12.5 −13.8 (−13.6) −14.3
−7.5 −6.4 (−6.1) −6.7
−5.0 −5.8 (−5.5) −6.1
O4 6.0 9.1 (8.1) 11.2
6.0 9.0 (7.8) 11.1
−43.5 −44.9 (−43.4) −49.9
All hyperﬁne coupling constants are given in Gauss (G).
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the resultant TyrD radical. This results in an imidazolium ion
formation on D2-His189. Deprotonation of D2-His189 via its π-
nitrogen leads to a neutral imidazole-tyrosine radical hydrogen
bonded complex which was then further optimized. The principal
optimized bond distances for these two radical models are given also
in Fig. 2. For the neutral imidazole radical the hydrogen bonding
distance is increased compared with the charged imidazolum form
suggesting a decrease in hydrogen bonding interaction compared
with the charged model.
The full 13C, 1H, 15N and 17O tensors for both imidazolium and
imidazole models have been calculated using both QM/MM-ME and
QM/MM-EE schemes. Both embedding methods lead to very similar
results and for discussion purposes only theMEdata are included here.
The QM/MM-ME calculated hyperﬁne coupling tensors are given in
Tables 1 and 2 for both the charged and neutral forms together with
experimental determinations. Taking the 13C data for comparison
initially, it can be seen (Table 1) that both imidazolium and imidazole
forms give highly satisfactory agreementwith experiment considering
the experimental error estimate in the measurement of these
hyperﬁne couplings is 0.7 G [17]. A notable exception to this trend is
the minor tensor components for the three and ﬁve positions where
the magnitude of the experimental components is far greater than the
predicted values (Table 1).We attribute the difference here to errors in
the reported experimental values. The small calculated values would
be essentially impossible to measure using the experimental
approaches used. For phenoxyl free radicals in solution the 3/5 13C
isotropic hyperﬁne coupling has been reported to be 8.1 G [14] which
is in poor agreement with the experimental 13C value for the C5
position of 4.3 G but in general accord with the calculated values for
the charged and deprotonatedmodel calculated values of 6.3 and 7.2 G
respectively. Amore extensive discussion of these hyperﬁne couplings
can be found in [14]. For all other positions the agreement between
experimental and calculated values is very satisfactory. Based on the
comparison between the neutral and charged model it is difﬁcult to
differentiate based on the 13C data alone.Moving on to the 1H data (Table 2), the agreement with
experimental and calculated values is again good. Of particular note
here is the good agreement observed for the 7a and 7b protons of the
tyrosyl methylene group. As has been well documented for various
tyrosyl free radicals these protons receive spin density via hypercon-
jugation with the ring centered C1 π-spin density and their values
Table 2
1H and 14N Hyperﬁne (isotropic plus anisotropic) coupling tensors calculated at the
ONIOM (UB3LYP/EPR-II//UB3LYP/6–31G(d,p):UFF) level for imidazolium and imid-
azole forms of the TyrD radical compared with experimental determinations [8, 12, 23]














H2 – 0.4 (1.2) 1.3
1.6 1.3 (1.9) 2.1
2.6 2.6 (3.2) 3.7
H3 −9.1 −8.1 (−9.8) −9.3
−6.9 −6.2 (−7.3) −7.2
−2.9 −1.7 (−2.5) −2.4
H5 −9.8 −9.5 (−9.9) −10.1
−7.3 −7.3 (−7.6) −7.7
−2.9 −2.3 (−2.6) −2.6
H6 − 1.1 (1.2) 1.4
1.6 2.0 (2.1) 2.2
2.6 3.3 (3.5) 3.7
H7b 3.3–4.1 3.9 3.5
1.4–2.3 2.2 1.8
1.4–2.3 1.9 1.6
H7a 10.4–11.8 13.9 12.6
8.7–10.2 12.0 10.8
8.7–10.2 11.5 10.4
Nτ 0.2 −0.5 (−0.4) −0.2
0.2 −0.4 (−0.4) −0.2
0.2 −0.3 (−0.3) −0.1
H8 − 3.4 (2.8) 2.8
−1.3 −2.2 (−1.2) −1.3
−1.3 −2.0 (−1.4) −1.2
All hyperﬁne coupling constants are given in Gauss (G).
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The extent of this overlap and hence the ensuing hyperﬁne coupling
depends on the C8–C7–C1–C2 dihedral angle. From the crystal
structure determination [7], 2AXT, this dihedral angle value is 122°.
In this QM/MM study the dihedral angles are optimized under the
constraint of the surrounding protein environment and in the
optimized geometries for the imidazolium and imidazole models,
this value changes to 108° and 109° respectively. In the EPR literature
on this topic the “dihedral angles” usually discussed are the ones
between the H7 protons and the “pz” orbital on C1 assuming ideal
tetrahedral geometry. This is depicted in Fig. 3. Enantiomeric
substitution plus EPR studies have been used to determine the
absolute conﬁguration for this group [18]. The calculated values of this
study are compared with these experimental determinations in Fig. 3
where we show that the calculated values are within the experimen-Fig. 3. Comparison of calculated and experimentally derived orientations (dihedrals,
see text) for the TyrD methylene group hydrogens. Values shown are for the imidazole
(top) and imidazolium (bottom) forms. The experimentally derived values from [18]
are given in brackets.tal error determination for both imidazolium and imidazole forms. As
shown in [8] the value of these hyperﬁne couplings can vary slightly
depending on the species studied. Our calculated hyperﬁne coupling
values in Table 2 are in good agreement with this range again
suggesting that the conformation of the free radical in the protein
environment is well reproduced by our QM/MM optimizations.
The calculated 17O hyperﬁne coupling tensor (Table 1) is also in
good agreement with the experimental determinations [17,22]. The
agreement appears best with the charged imidazolium form. It has
however, been noted previously from studies of semiquinone free
radicals[26] that calculations at this level tend to overestimate 17O
hyperﬁne couplings by 4–5%, so again it is difﬁcult to distinguish
between the two models.
The hyperﬁne couplings from the hydrogen bonded proton H8 and
the τ-nitrogen atom are crucial to investigate the nature of hydrogen
bonding between the TyrD free radical and the D2-His189 residue
[27]. Table 2 indicates that both of these hyperﬁne coupling data sets
are better reproduced by the neutral imidazole model. The magnitude
of the calculated values for the imidazoliummodel is around twice the
experimentally determined values. Much better agreement is there-
fore found for the imidazole model. As these data are the most direct
monitors of the hydrogen bond interaction they suggest that the form
observed experimentally at physiological temperatures is the imid-
azole model.
Tables 1 and 2 also compare calculated hyperﬁne couplings from a
previous study on an isolated cluster small model. While care must be
exercised, as the optimization procedures are different for each study,
there are no major changes in the magnitudes of the hyperﬁne
couplings brought about by inclusion of the surrounding protein
environment model. For the smaller model the analysis of the
methylene protons described above cannot be carried out of course
as themethylene 7a and 7b protons aremodeled by amethyl group. In
a recent ENDOR study of the TyrD radical on single crystals [28] it was
possible to distinguish the H5/H3 hyperﬁne couplings and assign the
larger value to the H5 position. This small and subtle difference is
faithfully reproduced by our calculated values in Table 2 for both the
imidazole and imidazolium forms. In the experimental study very
small differences in the values for the H2 and H6 proton hyperﬁne
couplings were also proposed with the larger couplings being
assigned to the two positions. For the imidazole model essentially
identical couplings are predicted for both positions (Table 2), whereas
the imidazoliummodel predicts larger values for the H6 position. Due
to the minute difference attributed in the experimental analysis and
the complex spin polarization scheme for this position [14] it is not
realistic to expect the model to reproduce such tiny effects.
In addition we have calculated the g-tensors for both free radical
models. For the imidazole model, the values are gxx=2.00963, gyy=
2.00488 and gzz=2.00219. For the imidazoliummodel these values are
gxx=2.00728, gyy=2.00465 and gzz= 2.00212. While the gzz and gyy
values are essentially unchanged, the gxx value is signiﬁcantly lower for
the imidazolium model. Faller et al [19] reported that for TyrD, at
temperatures above cryogenic values, the measured g tensor is gxx=
2.00765; gyy=2.00430; gzz=2.00215. At cryogenic temperatures, the
gxx value shifted to 2.00643. It was proposed that the cryogenic shifted
gxx value was due to the presence of the imidazolium formwhereas the
higher temperature form was due to the imidazole model. The gyy and
gzz values did not vary as a function of temperature. The calculated gzz
and gyy values of are generally within the accepted level of error in the
experimental measurements [29] and are not changed signiﬁcantly for
the two forms studied. Based on previous studies on semiquinone free
radicals in alcohol solutions [29], gxx values are generally overestimated
by 700–2000 ppm at the level of theory and basis set used here. Taking
this into account the calculated values are in accord with the
experimental determination. Moreover the downward shift calculated
for the imidazoliummodel strongly supports the conclusion reached in
[19] that the imidazolium form of the radical complex is trapped at
254 R. Hart, P.J. O'Malley / Biochimica et Biophysica Acta 1797 (2010) 250–254cryogenic temperatures. Heating to higher temperatures permits
proton transfer from the π-nitrogen of D2-His189 to occur resulting
in the imidazole form.
4. Conclusions
QM/MM calculated hyperﬁne and g-tensors for models of the TyrD
free radical of Photosystem II show good agreement with experimen-
tal determinations. Recent small variations in proton hyperﬁne
couplings for the three and ﬁve positions revealed by single crystal
ENDOR studies are well reproduced by our modeling studies. The data
further suggest that the neutral imidazole complex is formed at
physiological temperatures while the imidazolium complex may be
stabilized at cryogenic temperatures. Similar studies applied to the
catalytically active TyrZ residue can contribute to further understand-
ing of the role of the tyrosine/tyrosine radical redox couple in water
oxidation by Photosystem II. Lack of experimental data for the TyrZ
radical renders comparisons as performed here for the TyrD radical
unlikely. However the ability to model the TyrD radical properties
accurately as demonstrated here, will lend conﬁdence to future
calculations for the TyrZ radical.
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